Abstract McCune-Albright Syndrome (MAS) is a rare sporadic syndrome caused by post-zygotic mutations in the GNAS oncogene, leading to constitutional mosaicism for these alterations. Somatic activating GNAS mutations also commonly occur in several gastrointestinal and pancreatic neoplasms, but the spectrum of abnormalities in these organs in patients with MAS has yet to be systematically described. We report comprehensive characterization of the upper gastrointestinal tract in seven patients with MAS and identify several different types of polyps, including gastric heterotopia/ metaplasia (7/7), gastric hyperplastic polyps (5/7), fundic gland polyps (2/7), and a hamartomatous polyp (1/7). In addition, one patient had an unusual adenomatous lesion at the gastroesophageal junction with high-grade dysplasia. In the pancreas, all patients had endoscopic ultrasound findings suggestive of intraductal papillary mucinous neoplasm (IPMN), but only two patients met the criteria for surgical intervention. Both of these patients had IPMNs at resection, one with lowgrade dysplasia and one with high-grade dysplasia. GNAS mutations were identified in the majority of lesions analyzed, including both IPMNs and the adenomatous lesion from the gastroesophageal junction. These studies suggest that there is a broad spectrum of abnormalities in the gastrointestinal tract and pancreas in patients with MAS and that patients with MAS should be evaluated for gastrointestinal pathology, some of which may warrant clinical intervention due to advanced dysplasia.
Introduction
McCune-Albright syndrome (MAS) is defined by a clinical spectrum including skeletal, endocrine, and skin abnormalities-specifically, fibrous dysplasia of bone, hyperfunctioning endocrinopathies (such as precocious puberty), and café au lait macules [1] . This rare sporadic syndrome is caused by somatic (post-zygotic) activating mutations in GNAS, the gene coding for the G protein-α stimulatory subunit, leading to ligand-independent signaling, elevated cAMP levels, and activation of downstream signaling pathways [2] . The same GNAS mutations are also found as somatic alterations in a number of sporadic tumor types.
Somatic activating mutations at codon 201 (the same codon targeted in patients with MAS) have been reported in several gastrointestinal and pancreatic neoplasms, including intraductal papillary mucinous neoplasms (IPMNs) of the pancreas and pyloric gland adenomas (PGAs) of the stomach [3, 4] . This genetic similarity raises the possibility that patients with MAS are also at increased risk for gastrointestinal and pancreatic neoplasms, which has been confirmed by reports of gastrointestinal and pancreatic abnormalities in patients with MAS. A small series of four patients with MAS revealed hamartomatous duodenal polyps, and pancreatic abnormalities were identified radiologically in approximately 20% of patients with MAS, with most believed to be IPMNs [5, 6] .
In the current study, we report thorough upper endoscopic examination of seven patients with MAS, all selected for evaluation due to pancreatic cysts on magnetic resonance cholangiopancreatography (MRCP). Examination revealed a variety of polyps throughout the esophagus, stomach, and small intestine. In addition, all patients underwent endoscopic ultrasound (EUS) of their pancreas, revealing that all patients had EUS abnormalities suggestive of IPMN, and two of these patients underwent resection of IPMN due to worrisome radiologic features.
Methods

Patients and samples
As part of a screening protocol at the National Institutes of Health, patients with MAS were screened for pancreatic lesions using magnetic resonance cholangiopancreatography (MRCP). All patients gave informed consent, and the protocol was approved by the Institutional Review Board of the National Institute of Dental and Craniofacial Research. The seven patients with pancreatic cysts on MRCP were referred to the Johns Hopkins Hospital for endoscopic evaluation. The clinical features of MAS in the patient cohort are described in Table 1 . At upper endoscopy, biopsies were taken from the normal esophagus, stomach, and duodenum, as well as from any visible lesions. Endoscopic ultrasound (EUS) was performed, and cyst fluid was sampled for cysts >1.5 cm. Hematoxylin-and-eosin-stained sections of all biopsies were reviewed by two gastrointestinal pathologists (LDW and EAM) in order to reach a consensus diagnosis. Resection of gastrointestinal and pancreatic lesions was performed as clinically indicated, and all sections from resected specimens were reviewed.
Immunohistochemistry
A single section of each IPMN was analyzed for expression of MUC1, MUC2, MUC5, and CDX2 in order to determine the direction of differentiation. Immunostaining with MUC1, MUC2, and MUC5 antibodies was performed on an automated instrument (XT BenchMark, ROCHE-Ventana Medical Systems, Inc. Tucson, AZ). Sections were deparaffinized and hydrated and antigen retrieval with a high pH buffer (CC1 standard) was performed. Incubation with primary antibody was performed, followed by a biotin-labeled secondary antibody and chromogenic substrate as per manufacturer's instructions (I-View detection, 790-091. ROCHE-Ventana Medical Systems, Inc. Tucson, AZ). Immunostaining for CDX2 was developed on Bond-Leica automated instrument (Leica Microsystems, Bannockburn, IL). Following deparaffinization and heat-induced antigen retrieval, primary and secondary antibody incubation steps were performed. Immunoreactivity was visualized using DAB chromogen and a hematoxylin counterstain was applied to all tissue sections. Sections were incubated with the anti-MUC1 and anti-MUC5 antibodies (Vector Lab, Burlingame, CA) for 44 min at 1:100 dilution, with the anti-MUC2 antibody (NCL, LEICA, Bannockburn, IL) for 32 min at 1:50 dilution and with the anti-CDX2 antibody (Agilent Technologies, pre-diluted) for 15 min.
GNAS pyrosequencing
On the basis of previously published findings, GNAS mutational analysis was restricted to the codon 201 hot spot contained within exon 8 [7] . Mutations in codon 227 have been described in less than 5% of fibrous dysplasia cases [8] . For small lesions, 10 serial sections of formalin-fixed paraffin-embedded (FFPE) tissue were cut onto membrane slides. After deparaffinization in xylene, rehydration in decreasing concentrations of ethanol and staining with hematoxylin, lesional cells were captured by laser capture microdissection (LMD7000, Leica, Wetzlar, Germany). Tissue from larger lesions was cut onto coated glass slides, deparaffinized, rehydrated, and the lesional cells were scraped from these slides under a dissection microscope. When sufficient neighboring normal tissue was present, this was also selected for further analysis. DNA extraction was performed using the QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. Mutations in codon 201 of GNAS were assessed by pyrosequencing according the manufacturer's instructions as previously described [9] . In brief, extracted DNA was amplified on the Veriti Thermal Cycler (Applied Biosystems, Foster City, CA, USA), with the following primers: forward primer, 5′-CCAGACCTTTGCTTTAGATTGG-3′ and reverse primer, 5′-biotin-TCCACCTGGAACTTGGTCTC-3′ and using the PCR SuperMix High Fidelity (Invitrogen, Carlsbad, CA, USA). PCR conditions were as follows: 95°C × 15 min; 38 cycles of 95°C × 20 s, 53°C × 30 s, 72°C × 20 s; 72°C × 5 min. Biotinylated PCR products were bound to streptavidin-coated sepharose beads (Streptavidin Sepharose High Performance, GE Health Care Bio-Sciences Corp, Piscataway, NJ, USA). After washing, the beads with PCR products were released in wells with the sequencing primer, 5′-TTTGTTTCAGGACCTGCTTCGC-3′, and annealing buffer. Sequencing was done with the PyroMark Q24 (Qiagen), using the Pyromark Gold reagents (Qiagen) [10] .
Next-generation sequencing
Digital next-generation sequencing on duodenal fluid samples was performed on the Ion Torrent PGM as previously described [11] . Targeted next-generation sequencing was performed on cyst fluid samples. Briefly, DNA was extracted from 200 μL of cyst fluid, and 4 ng of cyst fluid DNA was analyzed in duplicate. The target region was amplified using AmpliSeq reagents according to the manufacturer's instructions. The gene panel contained the hotspot regions of KRAS, GNAS, BRAF, and PIK3CA as well as the entire coding regions of TP53, CDKN2A, SMAD4, RNF43, ARID1A, FBXW7, TGFBR2, and VHL. Variants were identified by the NextGENe software (SoftGenetics) as previously described [11] .
Results
The MAS patients in our cohort were selected for endoscopic evaluation due to the presence of pancreatic abnormalities on magnetic resonance cholangiopancreatography (MRCP). All seven patients had multiple branch duct IPMNs (>5), and more than ten cysts were identified in five of the seven patients scattered throughout the head, body, and tail of the pancreas (average size of the largest cyst 22 mm, range 9-30 mm). In addition, five of the seven patients also had main duct IPMNs-one had diffuse involvement of the main duct, while the other four had segmental involvement (average size of the pancreatic duct with main duct IPMN 5.4 mm, range 5-9 mm). Pancreatic glandular atrophy was present in four of the five patients with main duct IPMNs. There were no mural nodules or pancreatic masses seen on contrast enhanced MRI and MRCP. Pancreatic EUS was performed at the time of upper endoscopy and also demonstrated multiple pancreatic cysts in each of the seven patients.
In the upper gastrointestinal tract of all seven patients, polyps were identified ( Table 2 ). The most common lesion was heterotopic gastric mucosa (polypoid zones of nonneoplastic appearing oxyntic and/or foveolar-type mucin outside of the stomach), present in at least one location in the esophagus or small bowel in all seven patients. Of note, the absence of criteria to definitively distinguish gastric heterotopia from gastric metaplasia did not allow us to make this distinction in these samples, although the lack of mucosal injury in the adjacent tissues near the biopsied sites suggested heterotopia rather than metaplasia. In addition, gastric hyperplastic-type polyps were also common, occurring in 5/ 7 (71%) patients. They were unusual in that they were not associated with gastritis of either the environmental or autoimmune type. Fundic gland polyps were identified in two of the seven (29%) patients, while a single patient (14%) had a hamartomatous polyp of the ampulla of Vater presenting features similar but not identical to those of Peutz Jeghers polyps, with cords of smooth muscle partitioning off nests of mucosa with lamina propria (Fig. 1 ). This lesion differed from a classic Peutz Jeghers polyp as it featured less smooth muscle and more inflammation than a typical Peutz Jeghers polyp. One patient (14%) had intestinal metaplasia at the gastroesophageal junction.
These small non-dysplastic lesions noted above encompassed the disease spectrum in five of the seven patients, who were only examined with endoscopic biopsies of the gastrointestinal tract. In addition, although all had abnormalities on pancreatic EUS suggestive of IPMN (confirming the radiologic impression on MRCP), none of these five had sufficiently concerning features on EUS to meet criteria for surgical intervention to address pancreatic neoplasia. The remaining two patients (patients 4 and 5 in Table 1 ) had additional unusual lesions, and both underwent resection of pancreatic and gastrointestinal lesions. In addition to fundic gland polyps and gastric heterotopia, patient 4 had multiple dysplastic lesions in the proximal stomach and gastroesophageal junction (Fig. 2) . These lesions displayed a variety of directions of differentiation, including gastric foveolar, pyloric, oxyntic and intestinal, and at resection were found to have high-grade dysplasia but no invasive carcinoma. Resection of one radiologically worrisome IPMN in the pancreatic tail showed an IPMN with low-grade dysplasia (Fig. 3) .
Immunohistochemistry revealed that the neoplastic IPMN cells strongly expressed MUC5, while expression of MUC1, MUC2, and CDX2 was weak and focal. Although the morphology and immunohistochemistry was most similar to a gastric-type IPMN, the MUC2 and CDX2 labeling raise the possibility of a mixed-type IPMN with some intestinal features [12] .
Patient 5 underwent a Whipple resection for an IPMN in the pancreatic head raising clinical concern. The resection specimen revealed a 2.3-cm IPMN with high-grade dysplasia (Fig. 4) . By immunohistochemistry, the neoplastic IPMN cells b See text for more complete description of these unusual lesions c GNAS R201H mutation identified in gastric heterotopia but not in separately analyzed neuroendocrine hyperplasia strongly expressed CDX2 and MUC2, while MUC5 was only weakly and focally expressed. Immunohistochemistry for MUC1 was negative in this lesion. Overall, the morphological and immunohistochemical findings were most consistent with an intestinal-type IPMN in this patient [12] . In addition, the duodenum showed multiple areas of nodular gastric heterotopia with associated neuroendocrine proliferation bordering on well-differentiated neuroendocrine tumors (Fig. 5) . In a subset of lesions, selected for the availability of adjacent normal tissue, we performed pyrosequencing of the mutational hotspot in GNAS on formalin-fixed paraffin-embedded (FFPE) tissue from each lesion and adjacent normal tissue (Table 2 ). Both IPMNs had hotspot GNAS mutations, as did the unusual gastric adenomatous lesion in patient 4. In addition, GNAS mutations were also identified in 12 of 17 (71%) gastric heterotopic/metaplastic lesions. Intriguingly, in the duodenum of patient 5, a GNAS mutation was identified in the nodular gastric heterotopia, but the nearby neuroendocrine cell proliferation was wild-type. Of five gastric foveolar hyperplasia/gastric hyperplastic polyps, only two (40%) had GNAS mutations. Both fundic gland polyps were wild-type for GNAS, as was the ampullary hamartomatous-type polyp in patient 1. In all but one analyzed sample, the adjacent normal tissue was GNAS wild-type, even if the epithelium sampled was immediately adjacent to a lesion that had a GNAS mutation.
Pancreatic juice from patient 1 was collected from the duodenum following secretin stimulation and sequenced using digital next-generation sequencing (NGS) for pancreatic cancer driver genes. As described by Yu and colleagues, this technique necessitates 96 separate NGS reactions for each patient, greatly increasing the sensitivity and ability to discriminate true point mutations from false positives compared to traditional NGS [11] . However, copy number alterations are not accurately assessed due to the low prevalence of mutant alleles in these samples. In patient 1, digital NGS revealed the expected oncogenic hotspot mutation in GNAS (R201C) with a digital NGS score of 29, as well as a missense mutation in RNF43 (R343H) with a digital NGS score of 10 [11] . In addition, non-digital targeted NGS of the same driver genes was performed on aspirated cyst fluid from two patients. Analysis of cyst fluid from patient 4 revealed the predicted mutation in GNAS (R201C) with a mutant allele frequency of 40.3%, as well as hotspot mutations in KRAS (Q61H) with a mutant allele frequency of 4.3% and PIK3CA (Q546R) with a mutant allele frequency of 1.6%. Similarly, cyst fluid from patient 7 contained the predicted GNAS mutation (R201C) with a mutant allele frequency of 9.1%, as well as an inactivating mutation in CDKN2A (V115fs) with a mutant allele frequency of 2.6%. Of note, all of these NGS analyses were performed on either pancreatic juice collected from the duodenum or aspirated pancreatic cyst fluid-pyrosequencing of the GNAS hotspot as described above was the only molecular analysis performed on tissue samples.
Discussion
The current study augments previous findings of gastrointestinal and pancreatic manifestations of MAS. In a study of four MAS patients, Zacharin and colleagues reported only hamartomatous polyps of the duodenum [6] . However, in that study, only relatively large polyps were examined histologically, while numerous small polyps of the stomach and small bowel were noted endoscopically but not biopsied. It is possible that these small unsampled polyps included the frequent gastric heterotopia/metaplasia noted in our cohort. Moreover, while the previous study reported significant histologic overlap with the hamartomatous polyps similar to those described in Peutz Jeghers syndrome, the smooth muscle proliferation in the hamartomatous polyp we examined was less striking than typically encountered in Peutz Jeghers syndrome. In addition, all patients in the previous study were in their teens or twenties, while our cohort had a broader age range, up to 55 years old, which allowed us to observe more advanced gastrointestinal manifestations of the syndrome. While our cohort is too small to make any statistically robust correlations between age and progression of the lesions, it is intriguing that the dysplastic gastric lesion manifested in the oldest patient, supporting the hypothesis that dysplasia takes decades to develop, even in patients with embryonic GNAS mutations. Overall, our study greatly broadens the spectrum of gastrointestinal findings in patients with MAS, adding frequent heterotopias as well as infrequent glandular dysplasia.
Gaujoux and colleagues previously reported imaging findings in hepatic and pancreatobiliary lesions in 19 MAS patients [5] . Four of these patients had pancreatic lesions, three of which were radiologically consistent with IPMNs. In addition, in a study of 272 unselected IPMN patients, Parvanescu and colleagues report one patient with an intestinal-type IPMN associated with an invasive colloid carcinoma who had clinical features strongly suggestive of MAS [13] . In our cohort, all patients were selected for referral because they had pancreatic abnormalities at MRCP suggestive of IPMN. These findings were confirmed by EUS, and at resection two patients had a histologically proven IPMN. Although one patient had high-grade dysplasia (the patient was only 27 years old at diagnosis of pancreatic lesions), we did not find invasive carcinoma in either of the resected pancreata. By providing histologic confirmation of these IPMNs in patients with known MAS, our study confirms the association of IPMNs and MAS. However, it is not possible to determine the prevalence of IPMNs in unselected MAS patients from our study, as our cohort was biased by the criteria for referral to The Johns Hopkins Hospital for endoscopic evaluation-all patients in our study had pancreatic cysts on MRCP.
The spectrum of neoplasms reported here in MAS patients fits well with those known to have somatic GNAS mutations in Fig. 2 Gastric adenoma with high-grade dysplasia in patient 4. a This large glandular lesion at the gastroesophageal junction showed multiple directions of differentiation. b High-grade dysplasia was identified throughout the lesion, exhibiting irregularly fused glands, rounded nuclei with striking loss of nuclear polarity, and diffuse nuclear atypia. c Areas of pyloric and oxyntic differentiation were prominent. d Focal intestinal differentiation was also present sporadic lesions. For example, 60-80% of sporadic IPMNs have activating GNAS mutations [3, 14] . Both of the IPMNs in this study had features of intestinal differentiation, and GNAS mutations have been reported to be more frequent in intestinal-type IPMNs [3, 9] . In addition, activating GNAS mutations have also been reported in several gastrointestinal lesions, namely pyloric gland adenomas (PGAs), oxyntic gland adenomas (OGAs), gastric heterotopia, and gastric mucin cell metaplasia [4, 15, 16] . The occurrence of GNAS mutations in sporadic cases of ectopic gastric mucosa fits well with our finding of this ectopic mucosa in all MAS patients analyzed. In addition, although we did not find any PGAs or OGAs, the dysplastic lesion in patient 4 exhibited oxyntic and pyloric differentiation so may be a variant of this process.
The previously reported gastric lesions that harbor GNAS mutations, both sporadic and syndromic, have a spectrum of overlapping morphology. Gastric tumors that have been described as oxyntic gland adenomas and pyloric gland adenomas have differentiation along the lines of chief and parietal cells (oxyntic gland adenomas) and antral/cardiac-type glands (pyloric gland adenoma), respectively. Additionally, some gastric polyps that arise in patients with familial adenomatous polyposis (FAP) can be classified as pyloric gland adenomas and also harbor GNAS mutations despite the history of FAP and its associated germline APC mutations [17, 18] .
Pyloric gland adenomas consist of proliferations of closely packed tubules, each lined by a monolayer of round basally oriented nuclei with apically oriented eosinophilic ground glass cytoplasm [19] [20] [21] . They are most commonly detected in the stomach, where they are likely to arise in patients with autoimmune gastritis. Such patients have autoimmune loss of their parietal cells, and their gastric body mucosa is replaced by metaplastic glands with pyloric-type differentiation as well as by glands showing intestinal metaplasia, the perfect soil for the development of pyloric gland adenomas and other types of gastric neoplasms [22] . In contrast, the patients with MAS in our series did not have gastritis, yet they had adenomas with pyloric gland differentiation as well as hyperplastic polyps, both of which are often associated with gastritis [20, 23] . Autoimmune gastritis has a female predominance and is found in about 2% of gastric biopsies in a tertiary care center [24] .
On the other hand, oxyntic gland adenomas (which have also been called chief cell adenomas) arise in normal oxyntic mucosa unaffected by gastritis and also harbor GNAS mutations. They consist of angulated glands that proliferate underneath the foveolar surface and show a variable mixture of cells that appear similar to chief cells punctuated by parietal cells. Their bland cytologic features raise the possibility that they are hamartomatous and indeed non-neoplastic, but their growth pattern is more in keeping with that of a neoplasm. In fact, colleagues in Japan regard lesions that we have termed oxyntic gland adenoma (chief cell adenoma) as low-grade adenocarcinomas based on their architectural features, despite the lack of reports of metastases and their indolent growth [25] . Other sporadic gastric-type proliferations that lack dysplasia found in the duodenum can similarly harbor GNAS mutations [15] .
It is of interest that the lesions detected in patient 4 showed several lines of differentiation, including GNAS mutationassociated gastric forms of differentiation as well as intestinal differentiation, the latter presumably a reflection of a more advanced lesion in keeping with the older age of patient 4. Indeed, superimposed intestinal differentiation in gastric pyloric gland adenomas can also be encountered in the setting of autoimmune gastritis, which features intestinal metaplasia. All of this suggests that GNAS mutations are insufficient in themselves to drive aggressive neoplasms even if they might initiate indolent ones.
Our GNAS mutation analysis demonstrated that the IPMNs and adenomatous gastric lesion had mutations in the hotspot known to underlie the phenotype in MAS. In addition, the majority of samples of gastric heterotopia/metaplasia also had GNAS mutations. Considering the previous data reporting GNAS mutation in similar sporadic lesions, our results suggest that the early post-zygotic GNAS mutations play a role in the formation of these lesions. However, the lack of GNAS mutations in the fundic gland polyps, hamartomatous-type polyps, and other polyps calls into question the role of the mosaic GNAS mutations in the development of these lesions, which could be sporadic and thus unrelated to the MAS in these patients.
Although we performed targeted next-generation sequencing on samples from only a subset of the patients in our cohort, we identified mutations in several additional genes previously reported to be critical drivers of pancreatic tumorigenesis, including KRAS and CKDN2A [3, 26] . Although more comprehensive sequencing will be necessary to fully describe the genomic landscape of pancreatic neoplasms in these patients, these preliminary findings suggest that they may be quite similar to sporadic IPMNs.
In summary, we report the pathologic spectrum of gastrointestinal and pancreatic lesions in patients with MAS. Overall, there is enrichment for lesions known to have GNAS mutations when they occur sporadically, including pancreatic IPMNs, gastric heterotopia, and gastric adenomas with pyloric gland and oxyntic differentiation. Although no patients in our series had invasive cancer, two had high-grade dysplasia, one in a gastric polyp and one in an IPMN. This raises the possibility of an increased risk for malignant transformation in MAS patients, particularly as they age. Although only a small series of patients is reported here since the condition is rare, these data suggest potential clinical utility in screening the gastrointestinal tract and pancreas in MAS patients in order to detect and remove high-risk lesions. Further longitudinal study in MAS cohorts will be necessary to better understand the natural history of gastrointestinal and pancreatic neoplasms in these patients. 
